All relevant data are within the paper and the Dataset file ([S1 File](#pone.0195287.s003){ref-type="supplementary-material"}).

Introduction {#sec005}
============

Evidence shows that dopaminergic systems are involved in central pain processing. Dopaminergic neurotransmission can modulate pain perception by acting at supraspinal regions including the basal ganglia \[[@pone.0195287.ref001]\], insula \[[@pone.0195287.ref002]\], anterior cingulated cortex \[[@pone.0195287.ref003]\], and periaquaductal gray \[[@pone.0195287.ref004]\], as well as within the spinal cord \[[@pone.0195287.ref005]\]. Furthermore, in addition to opioids and other cathecolamines, dopamine seems to play a role in descending pain inhibition \[[@pone.0195287.ref005]--[@pone.0195287.ref007]\].

In a study conducted in our laboratory, the dopamine agonist apomorphine significantly prolonged tolerance to experimental cold pain in healthy volunteers \[[@pone.0195287.ref008]\]. Yet, other studies failed to show similar effects on experimental pain: In one study, dopamine precursor depletion failed to attenuate brief thermal pain induced by laser stimulation \[[@pone.0195287.ref009]\]. In another study, a transient decrease of dopamine activity by either dopamine precursor depletion or by administrating the D2-receptor antagonist sulpiride, had no effects on thermal pain thresholds, tolerance, or temporal summation \[[@pone.0195287.ref010]\].

From the clinical standpoint, a limited number of trials support the idea that dopaminergic interventions can change various aspects of pain perception. Such changes have been reported in clinical conditions associated with abnormalities in dopaminergic neurotransmission such as Parkinson\'s disease, fibromyalgia, restless leg syndrome and burning mouth syndrome. In patients with Parkinson's disease, L-DOPA increased pain thresholds \[[@pone.0195287.ref011]--[@pone.0195287.ref013]\] and the dopamine agonist rotigotine attenuated spontaneous pain \[[@pone.0195287.ref014]\]. In fibromyalgia patients, fatigue and function improved in response to the administration of the dopamine agonist Pramipexole \[[@pone.0195287.ref015]\]. Pramipexole also decreased pain intensity in patients with burning mouth syndrome \[[@pone.0195287.ref016]\]. Improvement in clinical pain in response to several dopamine agonists has also been reported in patients with restless legs \[[@pone.0195287.ref017]--[@pone.0195287.ref019]\].

Importantly, a limited number of small clinical trials showed evidence for the efficacy of dopaminergic manipulations in patients with various forms of neuropathic pain (NP). A significant decrease in pain intensity was demonstrated in patients with herpes zoster following levodopa administration but not placebo \[[@pone.0195287.ref020]\]. In another study, the administration of levodopa significantly reduced NP intensity in comparison to placebo in patients with painful diabetic neuropathy \[[@pone.0195287.ref021]\]. To date, evidence is inconsistent, and no firm conclusions regarding the efficacy of dopaminergic agents for the treatment of NP can be drawn. At the same time, for the majority of patients with NP analgesic treatments provide only partial pain relief, thus creating a crucial need to identify new effective pharmacological interventions for treating NP \[[@pone.0195287.ref022]--[@pone.0195287.ref024]\].

The possible effect of dopaminergic manipulations on NP, the presence of cold hyperalgesia/allodynia in many patients with NP \[[@pone.0195287.ref025],[@pone.0195287.ref026]\] and also the effect of dopaminergic manipulations on experimental cold pain, laid the ground for the present translational study. In the present study, we aimed to investigate the effect of apomorphine on experimental cold pain and on spontaneous pain intensity in patients with NP. We hypothesized that apomorphine will prolong cold pain tolerance at the non-painful site (i.e., *experimentally* evoked cold pain) as well as at the painful site (i.e., *clinically* evoked cold pain) and possibly affect spontaneous pain intensity as well.

Methods {#sec006}
=======

Ethical aspects {#sec007}
---------------

The study was conducted in accordance with Good Clinical Practice (GCP) guidelines and was approved on July 19, 2011 by the Rambam Health Care Campus Ethics Committee (RMB-234-11). Signed written informed consent was obtained from all patients following a detailed explanation regarding the study\'s purpose and procedures. The study was registered in the ClinicalTrials.gov Protocol Registration System, registration number NCT02969629. Notably, the study was registered only after patient recruitment began since the local Helsinki committee did not require registration at that time. The authors confirm that all ongoing and related trials for this drug/intervention are registered.

Patients {#sec008}
--------

Patients with chronic lumbar radiculopathy were recruited from the Pain Relief Institute in Rambam Health Care Campus and by advertising in local newspapers. Patients were recruited between December 7, 2011 and November 27, 2013 and the study was completed on July 19, 2015.

Potential patients were invited to a screening visit at the Pain Relief Institute, for the diagnosis of lumbar radicular NP according to the IASP recommended criteria. Accordingly, diagnosis was based on patients\' report of pain, physical and neurological examinations and review of imaging tests \[[@pone.0195287.ref027]\]. Patients were eligible for enrollment in the study if the following inclusion criteria were met: 1) Presence of lumbar radicular pain for at least 3 months; 2) Average pain level during the last week prior to enrollment \>40 (Numerical Pain Scale ranging from 0 to 100); 3) No use of a new analgesic drug within 30 days prior to entry to the study; and 4) Adults who were capable of understanding the purpose and instructions of the study and signing an informed consent. Exclusion criteria were: 1) Pregnancy or breastfeeding; 2) Presence of Parkinson\'s disease or any other extra-pyramidal diseases; 3) History of allergy to the investigational drugs: Apomorphine or Domperidone; 4) History of polyneuropathy; and 5) Respiratory depression, dementia, psychiatric diseases or hepatic insufficiency.

The patients\' recruitment process is depicted in [Fig 1](#pone.0195287.g001){ref-type="fig"}. As can be seen, 550 potential patients were contacted. Eighty one patients were invited to a screening visit in the Pain Relief Institute and fifty-nine patients were found eligible and signed an informed consent form. Thirty-eight patients entered the study. Three patients participated in one session only. Hence, the per-protocol population comprised of thirty-five patients.

![Patients' recruitment flowchart.](pone.0195287.g001){#pone.0195287.g001}

Instruments and pain measures {#sec009}
-----------------------------

### Experimental cold pain evoked by noxious cold stimulation (non-painful site) {#sec010}

The Cold Pressor Test (CPT) apparatus (Heto CBN 8--30 Lab equipment, Allerod, Denmark) was used for assessment of cold pain perception in the hand. This apparatus is a temperature-controlled water bath with a maximum temperature variance of ± 0.5°C, which is continuously stirred by a pump. Patients were asked to place their dominant hand in the CPT apparatus (12°C) in a still position while their fingers spread wide apart. A stopwatch was simultaneously activated, and patients were requested to maintain their hand in the cold water for as long as they could. They were instructed to indicate the exact point in time when the cold sensation began to elicit pain and this time was recorded as the threshold of cold pain (seconds) and was considered as the secondary outcome measure. Time until spontaneous hand withdrawal was recorded as cold pain tolerance (seconds). A cut-off time of 180 seconds was set for safety reasons. The cold pain tolerance was regarded as the primary outcome of the study.

### Cold pain evoked by noxious cold stimulation (painful site) {#sec011}

A flexile ice pack (25 cm X 17 cm) was placed on the area of maximal pain intensity in the affected leg. This maneuver was aimed at evoking the subjects' clinical pain. A stopwatch was simultaneously activated, and patients were requested to keep the ice pack on the leg for as long as they could. The patients were instructed to indicate the exact time point when the cold sensation began to elicit pain (cold pain threshold; seconds). The cold pain threshold was considered as the secondary outcome measure. Time until the ice pack was not tolerated anymore was also recorded and defined as clinical evoked cold pain tolerance (seconds). A cut-off time of 180 seconds was set for safety reasons. The clinical evoked cold pain tolerance was regarded as an additional primary outcome of the study.

### Numerical pain scale (NPS) {#sec012}

The numerical pain scale (NPS) ranging from 0 = ''no pain" to 100 = ''the worst pain one can imagine", was verbally used by patients to rate the magnitude of their current spontaneous pain intensity in the area of maximal pain intensity in the affected leg. NPS was considered as the secondary outcome measure.

Study medications {#sec013}
-----------------

The study medications included: 1) a single dose of apomorphine, an injectable, potent, short-acting dopamine agonist. It is administered subcutaneously and has a bio-availability of 100% which assures considerable short-lived dopamine excitation \[[@pone.0195287.ref028]\]. Based on a previous study conducted in our laboratory, 1.5 mg apomorphine was determined to be the appropriate dose for this study \[[@pone.0195287.ref008]\]; 2) An identical looking placebo (saline); 3) Domperidone, a peripheral dopamine antagonist aimed to reduce apomorphine side effects.

Apomorphine and the identical looking placebo (saline) syringes were prepared and injected by a nurse, who was not a part of the research team, according to a pre-determined randomization. Randomization of the order of apomorphine and placebo administration was done according to a computer-generated random code.

Study design {#sec014}
------------

Patients diagnosed with chronic lumbar radiculopathy who met the inclusion criteria were enrolled in this randomized, double-blind, placebo-controlled, cross-over study. Each eligible subject received detailed information about the study and its procedures and an informed consent was obtained. Following enrollment, each subject participated in the two study sessions that took place about one week apart. Each in-clinic session lasted three hours. Patients were instructed to take domperidone tablets, 3 times a day, for 3 days before each session.

At each session, patients were instructed to stay in supine position throughout the entire session. Pain tests were performed in the following order: current spontaneous neuropathic pain in the area of maximal pain intensity in the affected leg; cold pain threshold and tolerance in a non-painful site (hand); cold pain threshold and tolerance in the most painful site in the affected leg. A first battery of tests was performed and considered as training. Fifteen minutes later a second battery was conducted and the results were recorded and regarded as baseline measurements.

Ten minutes following baseline measures, patients received either 1.5 mg subcutaneous apomorphine or an identical looking placebo (saline) in a double blind fashion. The experimenter was blinded to both the injected drug (apomorphine/placebo) and to the subjects' adverse effect reports. Three additional test batteries were conducted 30, 75, and 120 minutes after drug administration (test 1, test 2 and test 3, respectively; [Fig 2](#pone.0195287.g002){ref-type="fig"}). These time points were chosen based on results from a previous study conducted in our laboratory \[[@pone.0195287.ref008]\]. One week later, a second session was conducted in the same manner with the administration of the other medication (apomorphine or placebo).

![Study design.](pone.0195287.g002){#pone.0195287.g002}

During each session, patients were given a form that included most common drug side effects and were asked to self-report side effects experienced 10, 55, 100 and 150 minutes following drug administration. These were reported on a 0--3 scale, where 0 = none, 1 = mild, 2 = moderate, and 3 = severe. The following side effects were monitored: sweating, breathing difficulties, dry mouth, drowsiness, headache, dizziness, nausea/vomiting, confusion, itch, blushing and diarrhea. Subjects were instructed not to discuss their adverse effects with the experimenter unless perceived as severe.

Statistical analyses {#sec015}
--------------------

The sample size for this between and within analysis, with two treatment groups and four repeated measurements design was calculated by G\* Power 3.1 \[[@pone.0195287.ref029]\]. The sample size was calculated according to a medium effect size (f = 0.30) to achieve appropriate statistical power (β = 0.80), with the acceptable two-sided type 1 error (α = 0.05). The required sample with the aforementioned assumptions was found to be 35 subjects.

All analyses were conducted using the SPSS for Windows Version 21 statistical package (SPSS, Inc., Chicago, IL). Pain measures and demographics at screening are presented as mean±standard deviation (SD) as well as medians. Descriptive statistics were generated for all pain measures and all results are presented as medians and interquartile range (IQR) in tables. In addition, the 25th and 75th percentiles were calculated and presented as boxplots. As pain measures were not normally distributed, non-parametric tests for dependent samples (Friedman Chi-square test) were conducted to evaluate differences in pain measures among the different time points following drug administration (apomorphine or placebo). Results were considered significant only if a significant change from baseline in any given parameter was found following administration of apomorphine but not placebo. Follow-up pairwise comparisons were conducted using Wilcoxon signed--rank test to identify significant differences between two specific time points for each pain measure. The possibility that the findings are the result of a type I statistical error cannot be discounted. Thus, Bonferroni correction was applied, and results were considered significant at the p = 0.01 level (0.05/5). Effect sizes were calculated as the absolute value of the Z score divided by the square root of n.

Results {#sec016}
=======

Patients {#sec017}
--------

As shown in [Fig 1](#pone.0195287.g001){ref-type="fig"}, data was collected from thirty-five patients (17 women and 18 men). Their ages ranged from 23 to 78 (mean ± SD: 56.2±13.1). Pain duration ranged from 4 to 240 months (mean ± SD = 54.1±61.2 months; median = 36.0). Pain intensity (NPS 0--100) at the screening visit ranged from 40 to 90 (mean ± SD = 68.8±13.0; median = 70.0).

Baseline measurements {#sec018}
---------------------

Comparisons of baseline measurements between placebo and apomorphine sessions were conducted (2-tailed T-test) and revealed no significant differences between the two conditions in any of the tested measures.

Apomorphine effect on experimentally evoked cold in a remote non-painful site (hand) {#sec019}
------------------------------------------------------------------------------------

As demonstrated in [Table 1](#pone.0195287.t001){ref-type="table"} and [Fig 3](#pone.0195287.g003){ref-type="fig"}, cold pain threshold increased significantly following the administration of apomorphine (Friedman test, Chi-Square = 16.70; p = 0.001) and Wilcoxon analyses showed a significant increase in threshold from a median of 8.0 sec (IQR = 5.0) at baseline to 10 sec (IQR = 9.0) 120 minutes after drug administration (test 3) (Wilcoxon test, p = 0.001; effect size = 0.42). As expected, no significant changes were found in cold pain threshold following placebo administration (Friedman test, Chi-Square = 2.03; p = 0.56).

![Apomorphine/placebo effect on cold pain threshold (seconds) in a non-painful site (hand) (n = 31).\
Boxplot representing median, 25^th^ and 75^th^ percentiles for cold pain threshold (sec) in the hand for the two study conditions, measured before (baseline) and after drug administration. The asterisk represents a significant difference only between baseline and test 3 measurements following apomorphine administration. \* \<0.01.](pone.0195287.g003){#pone.0195287.g003}

10.1371/journal.pone.0195287.t001

###### Apomorphine/placebo effects on experimental cold pain in a non-painful site (hand).

![](pone.0195287.t001){#pone.0195287.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pain measure                                  Medication    Baseline     Test 1       Test 2       Test 3                    Friedman test                       Wilcoxon test
  --------------------------------------------- ------------- ------------ ------------ ------------ ------------------------- ----------------------------------- -------------------
  **Cold pressor test (CPT) Threshold (sec)**   apomorphine   8.0, 5.0     7.0, 5.0     8.0, 4.0     10.0, 9.0                 χ^2^ ~(3,\ 31)~ = 16.70 p = 0.001   Test 3\>baseline\
                                                                                                                                                                   p = 0.001

  placebo                                       8.0, 4.0      9.0, 9.0     9.0, 8.0     8.0, 8.0     χ^2^ ~(3,\ 35)~ = 2.03\                                       
                                                                                                     p = 0.56                                                      

  **Cold pressor test (CPT) Tolerance (sec)**   apomorphine   19.5, 30.2   20.0, 35.0   21.5, 27.5   27.0, 37.5                χ^2^ ~(3,\ 28)~ = 23.92 p\<0.001    Test 3\>baseline\
                                                                                                                                                                   p\<0.001

  placebo                                       22.0, 21.0    22.0, 20.0   22.0, 20.0   21.0, 23.0   χ^2^ ~(3,\ 31)~ = 1.42\                                       
                                                                                                     p = 0.70                                                      
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Pain measures are shown as median, IQR

In addition, cold pain tolerance increased significantly following the administration of apomorphine (Friedman test, Chi-Square = 23.92; p\<0.001) and the Wilcoxon analyses showed a significant increase in tolerance from a median of 19.5 sec (IQR = 30.2) at baseline to 27.0 sec (IQR = 37.5) 120 minutes after drug administration (test 3) (Wilcoxon test, p\<0.001; effect size = 0.53). No significant changes were found in cold pain tolerance following placebo administration (Friedman test, Chi-Square = 1.42; p = 0.70) ([Table 1](#pone.0195287.t001){ref-type="table"}; [Fig 4](#pone.0195287.g004){ref-type="fig"}). Notably, four patients exceeded the cut-off point of 180 seconds at baseline and therefore were excluded from the CPT tolerance analyses.

![Apomorphine/placebo effect on cold pain tolerance (seconds) in a non-painful site (hand) (n = 28).\
Boxplot representing median, 25th and 75th percentiles for cold pain tolerance (sec) in the hand for the two study conditions, measured before (baseline) and after drug administration. The asterisk represents a significant difference only between baseline and test 3 measurements following apomorphine administration. \* \<0.01.](pone.0195287.g004){#pone.0195287.g004}

Apomorphine effect on cold pain (affected leg) evoked by noxious cold stimulation {#sec020}
---------------------------------------------------------------------------------

While exposing the patients to the ice packs, 34 out of the 35 patients reported that the application was painful. However, 14 of the patients exceeded the cut-off point of 180 seconds at baseline and were excluded from the cold pain tolerance analyses. As shown in [Table 2](#pone.0195287.t002){ref-type="table"} and [Fig 5](#pone.0195287.g005){ref-type="fig"}, in the remaining patients, at test 3, cold pain tolerance in the affected leg increased from a median of 43.0 sec (IQR = 63.0) at baseline to 51.0 sec (IQR = 78.0). This increase, however, had only a trend of significance (Friedman test, Chi-Square = 9.61; p = 0.02). No significant changes were found in cold pain tolerance following placebo administration (Friedman test, Chi-Square = 1.72; p = 0.63).

![Apomorphine/placebo effect on cold pain tolerance in the painful leg (n = 19).\
Boxplot representing median, 25th and 75th percentiles for cold pain tolerance (sec) in the affected leg for the two study conditions, measured before (baseline) and after drug administration. No significant differences between baseline and test 1--3 measurements were detected following apomorphine/placebo administration.](pone.0195287.g005){#pone.0195287.g005}

10.1371/journal.pone.0195287.t002

###### Apomorphine/placebo effects on spontaneous pain and on pain evoked by cold stimulation in the painful leg.

![](pone.0195287.t002){#pone.0195287.t002g}

  -----------------------------------------------------------------------------------------------------------------------------------------------------
  Pain measure                               Medication    Baseline     Test 1       Test 2       Test 3                     Friedman test
  ------------------------------------------ ------------- ------------ ------------ ------------ -------------------------- --------------------------
  **Cold (ice) pain test Threshold (sec)**   apomorphine   18.0, 23.0   17.0, 29.0   21.0, 33.0   23.0, 37.0                 χ^2^ ~(3,\ 31)~ = 19.90\
                                                                                                                             p\<0.01

  placebo                                    15.0, 16.7    17.0, 21.5   19.0, 21.2   18.0, 33.0   χ^2^ ~(3,\ 34)~ = 10.25\   
                                                                                                  p = 0.01                   

  **Cold (ice) pain test Tolerance (sec)**   apomorphine   43.0, 63.0   29.0, 33.0   43.0, 53.0   51.0, 78.0)                χ^2^ ~(3,\ 19)~ = 9.61\
                                                                                                                             p = 0.02

  placebo                                    59.0, 79.5    46.0, 62.0   42.0, 71.5   47.0, 70.5   χ ^2^ ~(3,\ 21)~ = 1.72\   
                                                                                                  p = 0.63                   

  **Spontaneous pain**\                      apomorphine   60.0, 25.0   45.0, 50.0   30.0, 37.5   30.0, 40.0                 χ^2^ ~(3,\ 33)~ = 51.82\
  **(0--100)**                                                                                                               p\<0.001

  placebo                                    60.0, 40.0    40.0, 40.0   40.0, 40.0   30.0, 40.0   χ^2^ ~(3,\ 35)~ = 30.25\   
                                                                                                  p\<0.001                   
  -----------------------------------------------------------------------------------------------------------------------------------------------------

Pain measures are shown as median, IQR

Significant changes in threshold to cold pain in the affected leg following both apomorphine (Friedman test, Chi-Square = 19.90; p\<0.01) and placebo (Friedman test, Chi-Square = 10.25; p = 0.01) administration were detected. The significant change from baseline under the two conditions (apomorphine and placebo), precludes a specific effect of apomorphine on cold pain threshold in the most painful site.

Apomorphine effect on spontaneous pain intensity {#sec021}
------------------------------------------------

Before apomorphine administration, the median (IQR) baseline spontaneous pain intensity was 60.0 (25.0). Thirty, 75 and 120 minutes after drug administration (test 1, 2, 3 respectively), pain decreased gradually and significantly to 45 (50), 30.0 (37.5) and 30 (40.0), respectively (Friedman test, Chi-Square = 51.82; p\>0.001). However, a significant decrease in spontaneous pain was also found following placebo administration from 60 (40.0) to 40 (40), 40 (40) and 30 (40) (NPS), 30, 75 and 120 minutes after drug administration, respectively (Chi-Square = 30.25; p\<0.001). Post hoc Wilcoxon analyses showed a significant decrease in spontaneous pain in all time points following both drug administrations, as compared to baseline (Wilcoxon test, p\<0.001 for all measurements) ([Table 2](#pone.0195287.t002){ref-type="table"}). As such, the effect of apomorphine on spontaneous pain is still questionable.

Notably, due to side effects, some tests could not be completed by all patients. Therefore the number of patients who completed each test is noted next to each tested measure in the tables and figures.

Side effects {#sec022}
------------

Ten minutes following apomorphine administration, 77% of the patients reported at least one side effect compared to 17% following placebo administration. These percentages dropped to 71% and 14%, respectively, after 55 minutes, and to 31% and 14%, after 100 minutes. The most common side effect caused by apomorphine was drowsiness whereas headache was the most frequent side effect following placebo. The side effects experienced by patients throughout all time points are summarized in [Table 3](#pone.0195287.t003){ref-type="table"}. All side effects resolved spontaneously at the 150 min follow-up time point. No serious adverse effects were noted.

10.1371/journal.pone.0195287.t003

###### The number of patients who experienced different side effects.

![](pone.0195287.t003){#pone.0195287.t003g}

                               Apomorphine   Placebo                         
  ---------------------------- ------------- --------- ---- --- ---- --- --- ---
  **Sweating**                 31            1         3    0   35   0   0   0
  **Breathing difficulties**   34            1         0    0   33   1   1   0
  **Dry mouth**                30            2         2    1   32   2   1   0
  **Drowsiness**               7             12        11   5   32   2   1   0
  **Headache**                 32            2         1    0   30   3   1   1
  **Dizziness**                21            10        3    1   32   2   1   0
  **Nausea/ vomiting**         25            7         0    3   32   2   1   0
  **Mood swings**              34            1         0    0   35   0   0   0
  **Confusion**                31            3         0    1   34   1   0   0
  **Itch**                     35            0         0    0   35   0   0   0
  **Blushing**                 34            0         1    1   34   1   0   0
  **Diarrhea**                 35            0         0    0   35   0   0   0

Discussion {#sec023}
==========

The present study demonstrated that the dopamine agonist apomorphine, but not a placebo, had a prolonging effect on experimental evoked cold pain threshold and tolerance tested in a remote, non-painful site in subjects with lumbar radicular pain. In the most painful site, apomorphine showed a trend for prolonging the tolerance to cold induced pain, but had no effect on cold pain threshold. In addition, apomorphine had no advantage relative to placebo on spontaneous radicular pain intensity.

There are conflicting views regarding the way by which the modulating effects of dopaminergic systems on pain responses is expressed. While in some studies dopaminergic manipulations had an effect on pain intensities \[[@pone.0195287.ref014]--[@pone.0195287.ref021]\], in others it had an effect on mechanical or thermal pain thresholds or tolerance only \[[@pone.0195287.ref008], [@pone.0195287.ref011]--[@pone.0195287.ref013], [@pone.0195287.ref030]\].

When referring specifically to NP, dopamine agonists have shown to induce analgesia in two small clinical trials with NP related to herpes zoster and diabetic neuropathies \[[@pone.0195287.ref020],[@pone.0195287.ref021]\]. To the best of our knowledge, over a period of nearly two decades the effects of dopaminergic manipulations on neuropathic pain have not been investigated. In the present study we have not been able to demonstrate a similar analgesic effect of apomorphine on the spontaneous radicular pain in patients with radicular neuropathic pain. This is due to the fact that significant decrease in spontaneous pain was found following the administration of both apomorphine and placebo. We thererfore believe that this reduction in spontaneous pain intensity can be attributed to the long stay in supine position throughout the sessions regardless of the injected drug. An alternative explanation is a strong placebo effect on spontaneous pain in the affected leg. Indeed, reports from recent years point to increasing placebo effects on pain intensities over the years in randomized controlled trials (RCTs) of drugs for the treatment of chronic neuropathic pain \[[@pone.0195287.ref031]\]. Thus, the placebo effect on the spontaneous pain intensity in our study can be a part of this universal phenomenon. Hence, firm conclusions regarding the pain reduction in response to dopaminergic interventions cannot be drawn.

Three studies from our laboratories showed that dopaminergic interventions affect mostly cold pain measures, particularly cold pain tolerance and possibly cold pain threshold, but not pain intensity. First, an increase in cold pain tolerance in healthy subjects was demonstrated subsequent to apomorphine administration but not following a placebo \[[@pone.0195287.ref008]\]. Second, prolongation of cold pain threshold and tolerance was found in a sample of adults with attention deficit hyperactivity disorder (ADHD) following the administration of methylphenidate (a central nervous system stimulant which primarily increases extracellular dopamine levels) in an open labeled trial \[[@pone.0195287.ref030]\]. Third, methylphenidate but not a placebo led to similar results in healthy subjects exposed to an experimental cold pain test \[submitted\]. Congruent with these findings, the present study demonstrates for the first time, a similar effect of apomorphine on experimental cold pain threshold and tolerance in patients with NP.

Moreover, since pain exacerbation in response to cold stimuli is commonly reported by patients with NP \[[@pone.0195287.ref025],[@pone.0195287.ref026]\], testing the effect of a cold stimulus on the radicular pain in our patients was interesting. Due to difficulties in applying the cold pressor test strictly to the area of maximal pain intensity in the affected leg, an ice pack was put onto that area instead, and was used to test threshold and tolerance to cold induced pain. Although 34 patients reported that this maneuver induced local pain, we have not been able to demonstrate a specific extending effect of apomorphine on cold pain threshold (since both apomorphine and placebo produced similar extending effects). The lack of difference in the effect of the two interventions might be related to a relatively low intensity of the noxious cold stimulation produced by applying the ice pack compared to immersing the hand in ice cold water, where a selective effect was found. At the same time, apomorphine showed a trend for prolonging the cold pain tolerance. Since 14 patients reached the 180 second cut-off point of the cold pain tolerance test, only a small number of patients could be analyzed. A larger number could have resulted in a more significant tolerance prolongation.

The effect of apomorphine on cold pain raises a question regarding the mechanism by which dopamine can affect this type of pain. Dopaminergic manipulations can have two possible sites of action: peripheral and central. Peripherally, apomorphine might have altered the response to the cold pain stimuli due to its potential effect on skin blood flow. There is also some evidence pointing towards the involvement of peripheral dopamine receptors in nociception \[[@pone.0195287.ref032],[@pone.0195287.ref033]\]. Hence, apomorphine might have affected the cold pain findings by acting peripherally. However, we assume that all such peripheral dopaminergic effects have been blocked by pre-administrating the peripheral dopamine antagonist dopmeridon prior to placebo/apomorphine injections. Regarding central dopaminergic mechanisms, cold hyperalgesia is considered as an indicator of CNS involvement in the pathogenesis of any given pain syndrome (i.e. complex regional pain syndrome or CRPS \[[@pone.0195287.ref034]\]. This fact, plus the well-documented central effects of dopamine agonists, suggest that the effects of apomorphine on the cold pain parameters found in our study are centrally mediated.

The prolonging effect of dopamine agonists on (cold) pain tolerance deserves further consideration. Evidence shows that tolerance represents the degree to which one is willing to continue enduring aversive stimuli. It is largely influenced by motivation which, by itself, is closely related with dopamine activity \[[@pone.0195287.ref035]--[@pone.0195287.ref037]\]. Neuroanatomically, the dopaminergic pathway known to be related to motivation and effort-related functions is the ventral tegmental area \[[@pone.0195287.ref038]\]. Therefore the changes in cold pain tolerance found in the current study, likely involve this pathway.

Noteworthy in this context is the fact that converging evidence indicates that expectations and reward also play a major role in the placebo effect \[[@pone.0195287.ref039]--[@pone.0195287.ref041]\]. According to the placebo-reward hypothesis, any placebo response is associated with the activation of the reward circuitry and the release of endogenous dopamine in the ventral striatum \[[@pone.0195287.ref042]--[@pone.0195287.ref044]\]. Thus, the involvement of dopamine in both expectations and reward (as a part of the placebo response) and in motivation (which might be the underlying cause of cold pain tolerance prolongation) can at least partially explain some of the difficulties in conducting placebo controlled trials on dopamine induced analgesia, as demonstrated in the present study. Further to that, dopamine has been known to be associated with mood alterations \[[@pone.0195287.ref045]\], for example depression is commonly present among patients with Parkinson\'s disease \[[@pone.0195287.ref046]\]. Depression, in term, is closely related to chronic pain \[[@pone.0195287.ref047]\]. Thus, dopaminergic agents can have an additional indirect effect on pain through their effect on depression.

As shown in our results, the apomorphine effect on cold pain parameters was detected 120 minutes following its administration in contrast to the motor effects of apomorphine, which appear about 10 minutes following apomorphine administration \[[@pone.0195287.ref028]\]. A possible explanation for this discrepancy emerges from the ''tonic-phasic dopaminergic activity theory". Tonic dopamine activity refers to levels of extra synaptic dopamine whereas phasic dopamine activity relays to synaptic response to brief bursts of neuronal firing \[[@pone.0195287.ref048]\]. According to this theory, tonic dopamine activity influences phasic activity so that high tonic dopamine decreases phasic dopamine release and visa-versa \[[@pone.0195287.ref049]\]. It has been suggested that analgesic effects of dopamine rely on the phasic dopamine system \[[@pone.0195287.ref050]\]. Apomorphine causes a temporal increase in tonic dopamine activity, which in turn inhibits phasic dopamine release \[[@pone.0195287.ref051]\]. Apomorphine peaks shortly after its administration but has a rather short half-life and therefore is present at a much lesser extent two hours after its administration. Hence, at the two-hour time point its tonic inhibition is already reduced thus allowing an increase in the phasic dopaminergic analgesic firing \[[@pone.0195287.ref052]\]. Notably, a similar timeframe of analgesic effect has also been reported in an earlier study with healthy volunteers exposed to experimental cold pain \[[@pone.0195287.ref008]\].

Some limitations should be noted: 1) since the placebo was based on saline with no active component, there were differences in the prevalence of some side effects between sessions. This may have eliminated the blinding aspect of the study by revealing the true nature of each group. The use of an active placebo that mimics the adverse effect profile of the tested drug could resolve this limitation in future studies. 2) Domperidone was administered to all patients prior to both placebo and apomorphine administration. Since evidence for involvement of peripheral dopamine receptors in nociception have been documented \[[@pone.0195287.ref032],[@pone.0195287.ref033]\], we can't rule out completely the theoretical possibility that domperidone might have had at least some blocking effect on potential peripheral analgesic effects of apomorphine. However, the evidence for peripheral involvement of dopaminergic receptors in analgesia is preclinical only \[[@pone.0195287.ref032],[@pone.0195287.ref033]\] and its relevance to clinical or to experimental pain models in humans has not been tested thus far.

Lastly, a brief clinical perspective: due to the limited effectiveness of currently available treatments in reducing the intensity of many chronic painful conditions, developing other strategies for pain management is clearly required \[[@pone.0195287.ref053]\]. The fact that dopaminergic interventions prolonged cold pain tolerance can potentially have some clinical relevance. We cautiously suggest that interventions aimed at enhancing pain tolerance and facilitating functioning, such as apomorphine, could possibly be useful, perhaps as an adjuvant therapy, for patients with chronic pain.
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